A B Figure S1 . DNA origami architecture. A: in the honeycomb lattice, a staple oligonucleotide has an opportunity to jump to an adjacent helix with an interval of seven base pairs. Starting from the position when the staple is looking towards the helix 1 (lower right scheme) it makes a turn of 240°within the interval.
Thus, after seven base pairs the staple oligonucleotide faces the helix 3; the next possible transition occurs 240°later (480°or 14 base pairs from the start) in the direction of the helix 2. After two full turns of the helix (720°, 21 base pairs), displayed with the fading shades of gray, the cycle repeats. B: in the square lattice a helix has four potential neighbors (lower right scheme), and the cycle takes three turns of the helix, or 32 base pairs. Crossover periodicity is eight base pairs, or 270°. Note that the correspondence is not strict, therefore the helix makes a full turn within 10.67 base pairs instead of 10.5 base pairs in the honeycomb lattice. Figure S2 . Opening of a hexagonal nanocontainer (1) . A: the intended trajectory of the predetermined motion; B: different views of the CanDo prediction for the system, according to which the equilibrium shape of the object corresponds to the closed conformation. Figure S3 . Shape prediction for an icosahedron monomer subunit (2) . A: the initial scheme converted to 3D coordinates; B: different views of the CanDo prediction for the equilibrium form of the system; C-G: major shapes of the monomer predicted by our model with clustering analysis of the MD trajectory.
According to the simulation results, the monomer has a flexible structure with the main modes of motion associated with the bending around the crossbar and the movements of the terminal beams. The large number of almost equal-sized clusters indicates that the monomer does not have a single equilibrium shape, appearing as an ensemble of conformations instead. Figure S4 . Scheme of the distance between the dyes from the initial scheme of the Sq-system, front view on the short arm. The distance between the central axes of the arm-forming helices is 22 Å. The dyes were placed at the distance of 19 bp from the crossover between the helices, which gives a B-DNA twist angle of 652°. Resulting positions of the dyes are shown with black-shaded circles.
COMPUTATIONAL MODEL
Note S1.1 Input data processing
Our tool uses a CaDNAno-generated json file with a scheme of a DNA origami design to generate two run input files for MD simulation in GROMACS (3):
• structure file in pdb format containing 3D coordinates of the design in the COSM representation;
• distance restraints file describing fixed nonbonded interactions between the COSM particles (Note S1. Note S1.2 Bonded interactions Note S1.2.1 Bond stretching interactions A bond between two particles i and j is stretched with a harmonic potential:
where k b ij is a bond stretching constant, b ij is an equilibrium distance between the particles, and r ij is an actual distance between them. The values of the bond stretching constants k b ij were derived from the Young's modulus Y of the DNA:
where k θ ijk is an angle force constant, θ 0 ijk is an equilibrium angle between the particles, and θ ijk is an actual angle between them.
Angle force constants k θ ijk were assigned according to the worm-like chain model of DNA (7), where nucleic acid is approximated as an isotropic, continuously flexible rod with a bending energy
where k B T is the thermal energy, θ 2 is a mean square angle between the two segments located at the contour distance l from each other, and p is the DNA persistence length (8) . We used p = 510 Å (5) and p = 20 Å (9) for double-and singlestranded DNA, respectively.
From 3 and 4, the angle force constants are:
where l ijk corresponds to the summarized bond length between the three particles i, j, and k.
Angle force constants are assigned according to the wormlike chain model of DNA (7), based on the DNA persistence length (510 Å for the double-stranded DNA (5), and 20 Å for the single-stranded DNA (9)).
Note S1.2.3 Dihedral angle interactions To control twisting of individual strands, we used crossover sites between two neighboring strands as anchors for a torsional angle. Dihedral angle between two planes set by particles ijk and jkl is described with a harmonic potential
where k φ is a dihedral angle force constant, φ is the angle between the planes, with zero corresponding to cis conformation, n is the multiplicity factor and φ s is a phase angle. Torsional stiffness of 35·10 3 pN · nm/rad (10, 11) was used for treatment of torsional angles.
Note S1.3 Non-covalent interactions Note S1.3.1 Lennard-Jones interactions Particles i and j interact with each other on a distance r ij via the LennardJones potential:
Here, σ corresponds to an effective size of a particle and determines the strength of the interaction between particles.
To calculate the parameters for a pair of particles i and j the following combination rules are used:
Effective sizes of the particles σ ii in our model correspond to diameters of simulated building blocks increased by 1 Å to simulate a solvent shell of DNA origami (see Table 1 ). The values of the ii parameters were selected by fitting of computational models for best correspondence with experimental data. Strength of non-covalent interactions between all types of particles was set to 1.4 kJ/mol. The only exception was the N particle, which had the value of ε, kJ/mol Figure S6 . Selection of the optimal parameter for N particles based on simulations of a bent DNA origami structure. A: a COSM model of the bent DNA origami structure (12) . Vectors plotted through the red dots illustrate how the bending angle was measured. B: Dependence of the bending angle on the parameter.
Each box plot shows the distribution of angles obtained from 3 * 10 5 integration steps-long trajectories with a time step of 100 fs. The box-plot corresponding to the best value is outlined with red.
1.2 kJ/mol for better correspondence with experimental data ( Figure S6 ). Note S1.3.2 Coulomb interactions Particles i and j with charges q i and q j interact with each other via the Coulomb potential:
where r ij is the distance between the particles, 0 is the vacuum permittivity and r is a relative dielectric constant (default value is 1). Initial estimates of the particle charges were set as a combination of component nucleotides charges,
where N is the number of the nucleotides simulated by the particle, q n = −1 is the charge of an individual nucleotide.
Then, all charges were reduced by a factor of square root of ω = 80 (dielectric constant of water) to simulate water environment. Finally, the charges were corrected with regard to the effect of salt concentration on the B-DNA electrostatics.
There are two terms that determine the magnitude of the effect: 
Charge shielding of single-stranded DNAs by counterions is less significant (15) , therefore there was no extra charge correction for the S particles in our model. Final charges of the particles are specified in Table 1 . Optionally, custom ionic strength representing, for example, different concentration of MgCl 2 could be taken into account as described in Note S1.5. • Distance between adjacent helices ( Figure S7A ,
• Diagonal distance between a particle participating in crossover formation and a particle of type H or PT neighboring to its counterpart ( Figure S7A ,
4. Lattice type-specific restraints that control the angle between the adjacent strands, 120°for the honeycomb lattice and 180°for the square lattice ( Figure S7B ,
For each type of distance restrains, we use a piecewise linear/harmonic potential with three threshold values for a distance between particles r ij : Table S1 . Consequently, the charge spacing is proportional to a square root of the ionic strength expressed in mol/L. Electrostatic parameters of our model were optimized for ionic strength of 30 mM, therefore the charges of the particles should be corrected in accordance with the desired ionic strength:
where q is the charge of a particle at the ionic strength of 30 mmol (see 12), q is the charge at the ionic strength I .
Note S1.5.2 Repulsing term According to Hasted and coauthors (17), there is a linear relationship between the dielectric constant and the salt concentration of the solution:
where ω is the dielectric constant of water, c is the salt concentration and δ is an ion-specific parameter (17) . Note that the dependence is valid only for salt concentrations below 2 M. At higher salt concentrations significant deviations from linearity were observed and the dielectric decrement was observed to saturate (17) . with rigid restraints (see Supplementary Note S1.4), therefore we could not simulate the salt effect on the effective diameter of the 6-helix filaments (14) . However, the model allows to observe the interactions between the filaments; to demonstrate that, we designed a system consisting from the three 6-helix loosely connected bundles ( Figure S8 , A-B).
For evaluation of the ionic strength effect on the origami shape, we monitored the average distance between the centers of mass of the bundles (Table S2) . 
Note S1.6 Workflow
Our tool takes a file with a caDNAno scheme of an origami object as an input. It generates starting Cartesian coordinates of the structure along with a 2D map that contains the correspondence between the initial plot and our CG model.
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Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm (18) and (ii) steepest descent algorithm. The following step is an MD simulation for 9 * 10 5 integration steps with a time step of 100 fs, which proved to be an optimal compromise between the processing time and resultant information on the system ( Figure S8 ). 
VALIDATION OF THE COSM MODEL

Note S2.1 Benchmark systems: design and sequences
Scaffold DNA sequence for the benchmark systems: Staple sequences for the benchmark systems ( Figure S10) are listed in Table S3 . TCTATTTCTGGATAAGTTTTTCCGATGGGTC  st2  TCATAGCCCAGACCCAAGTCACTTTTCCTCT  st3  AAATCAGTTGCAGCCTGCCGATT  st4  GATCCCAGATACATCACACCTTTGTTTATCTGGTGACATGGT  st5  GAATGCTTTCTTAGAATAT  st6  AAACGACAGGTCATCATCAAAGGAATATTTTG  st7  TCGTACGTTGTCTCAGCTGCATCATCATCTAA  st8  CCCGGTTTTTGCCCCTCTGG  st9  CGCTCTCTTCTAGGAAGCACTGCCATTTTAGCG  st10  GTAAACCAGGTTGCAAGAGCCGCTGCAGTACCTAA  st11  TGCAACATGCCTGCCCTACTTTGTCACCAGCCT  st12  CCTCTCCGACGTGACATTTAAATGTATTGCAGTTAAGACA  st13  GGAATTCTCTGGGTTGGCAGCTCCTCCTTGGTT   Hc system   oli1  CAGACCCAAGTCAGTGCCTTGGTTTCATAGACCTAA  oli2  AAACCAGGTTAGCCCTACTTT  oli3  ATCCCAGATACATCCACGGAATGCTTTCTTGCCTTCTAT  oli4  TTCTGGATAAGTGCTTTAGCACCTATTCTTGTTGCCATCTACATTTAA  oli5  CCCGGTTTTTGCAGCCTGCCGA  oli6  GTCACTCACCAAGAATATGGT  oli7  AACGACAGGTCACGATGGGTCTGCAACATGCCTTCATCTAAA  oli8  TTCCGCTCTCAAGACACAAC  oli9  TCAGCTTTTTCAATATTTTGTC  oli10  AAGCACTTATCTGGTGACATGGT  oli11  ATGTATTGCAGTTTTCTAGG  oli12  CCTCTCCGACCTAATTCTCTGGGTTGGCAGCTGCCCCTCTGG  oli13 AAATCAGTCGCAAGAGCCGCTGACGTTGTC 
Note S2.2 All-atom MD simulation
For an additional validation of our DNA origami model we performed all-atom MD simulations of the benchmark systems. We assembled the systems using 3DNA v. 2.3 (27) for creating of the constituent DNA strands and PyMOL v.
1.8.6.0 (28) for arrangement of the strands in space according to the corresponding CaDNAno scheme ( Figure S10 ). The coordinates of the short arm of the Sq-system were altered in such a way that the system acquired the T-shape. Even though we manually optimized the relative positions of benchmark systems' helices to match the lattice geometry and locations of crossover sites, initial coordinates of the systems were far from the equilibrium state. Therefore, large time scale simulations are needed to get an appropriate sampling for the analysis of structure and dynamics of the all-atom models.
We used the SIRAH coarse-grained solvent model (29) to get 100 ns-long MD trajectories for the systems in a reasonable time. We tried different coarse-grained solvent models, namely Martini (30) and SIRAH (29), adding corresponding entries to the parmbsc0 (χ OL4) force field (31) . The SIRAH model demonstrated the better performance (data is not shown, but available on request).
It has been previously shown that the SIRAH solvent model allows to reliably describe a conformational landscape of a protein-DNA complex (32) in a coarse-grained representation. The 100 ns time scale was not enough for the objects to significantly change the starting conformations ( Figure   S11 ). The most noticeable changes of the Hc-system structure ( Figure S11A ) include: Figure S12 ). While we do not assert that our model allows to locate a global minimum of the system, it nevertheless makes it possible for the system to evolve through more than one local minimum.
As an illustration, let us consider the results of the clustering analysis of MD trajectory snapshots (see Figure S9 ). 
T = 220K
The last 3 * 10 7 steps of the trajectory were used for the conformational analysis (as described in Supplementary Note S1.7), which revealed three main shapes of the system ( Figure S13 ). The main mobility of the Hc-system was "output" -2017/11/14 -15:28 -page 17 -#17
Nucleic Acids Research, 2017, Vol. XX, No. XX 17 associated with out-of-body-plane movements of the legs, which was consistent with the prediction made by our model (see Figure 4B ). Just like in our model, the legs' swinging movements were accompanied by a twisting of the body ( Figure S13B ). According to the γ angle values, oxDNA slightly overestimated the flexibility of the system (γ oxDN A = 84.8±20.5 degrees, γ COSM = 64.4±15.4 degrees, γ AF M = 64.7±25.6 degrees, p < 0.001). We associate it with the temperature of the simulation set too high. In the preliminary simulations we set the parameter value equal to 300, 280, 260 and 240K and observed the melting of the system in all the cases listed. 220K was the first temperature value that produced a stable trajectory, but it is possible that the kinetic energy of the system was still artificially high at that temperature. Note that Snodin and coauthors reported a simulation of DNA-origami self-assembly at 338K (35) ; it probably implies that the correspondence between physical and simulated temperature in the oxDNA model is not strict and depends on the target system, which is a common issue with coarse-grained models (see, for example, the study of Jiang and Hansmann (36)).
In summary, modes of the Hc-system's motion predicted by our model were consistent with the oxDNA MD simulation results. Both models described highly dynamic behavior of the system expressed in swinging motions of the legs and body twisting.
Note S2.4 FRET experimental details
From the spectral data a FRET efficiency E for the systems was calculated using the method of Gordon et al. (37) . 
where R 0 is a Forster distance for a given pair of fluorophores,
Here, k is the orientation factor, k 2 = 2/3. Φ 0 is a quantum yield of a donor, which is 0.9 for FAM. A refractive index of a medium n is 1.353 for TE buffer at 20 • C. J is a parameter characterizing an overlap between the donor emission spectrum and the acceptor excitation spectrum, it was calculated with a|e 2.2 software (UV-Vis-IR Spectral Software 2.2, FluorTools, www.fluortools.com) and was equal to 2.517 * 10 15 . Therefore, R 0 for our systems was equal to 58.4 Å.
